Abstract Total disc replacement (TDR) is expected to provide a more physiologic alternative to fusion. However, long-term clinical data proving the efficacy of the implants is lacking. Limited clinical data suggest somewhat of a disagreement between the in vitro biomechanical studies and in vivo assessments. This conceptual paper presents the potential biomechanical challenges affecting the TDR that should be addressed with a hope to improve the clinical outcomes and our understanding of the devices. Appropriate literature and our own research findings comparing the biomechanics of different disc designs are presented to highlight the need for additional investigations. The biomechanical effects of various surgical procedures are analyzed, reiterating the importance of parameters like preserving uncinate processes, disc placement and its orientation within the cervical spine. Moreover, the need for a 360°dynamic system for disc recipients who may experience whiplash injuries is explored. Probabilistic studies as performed already in the lumbar spine may explore high risk combinations of different parameters and explain the differences between ''standard'' biomechanical investigations and clinical studies. Development of a patient specific optimized finite element model that takes muscle forces into consideration may help resolve the discrepancies between biomechanics of TDR and the clinical studies.
Introduction
The intervertebral disc is a major load bearing component of the spine. The mechanical loading of the disc is one of the main causes of its degeneration [1] . For chronic patients, the treatment regimen may range from conservative approach to surgical procedures, including fusion with and without instrumentation.
The fusion has proven successful in reducing the segmental motion. However, a majority of patients after a fusion procedure may still experience pain. The procedure may also lead to adjacent level degeneration [2] [3] [4] [5] , pseudarthrosis [6, 7] , and donor site pain. These shortcomings have led the researchers to develop alternative approaches such as the total disc arthroplasty which is expected to preserve motion and relieve pain [8] .
Thus, it is essential to evaluate the clinical outcomes in terms of an artificial disc's ability to provide normal kinematics following cervical total disc replacements (TDR). Several parameters like center of rotation (COR/ quality), range of motion [ROM = elastic zone (EZ) ? neutral zone (NZ)/quantity], stiffness (quality) and hysteresis (quantity) are used to assess the quality and the quantity of motion in a spinal segment. However, the notion of reproducing ''normal'' motion following TDR surgery presents several challenges.
The clinical experience of more than 50 years in the area of lower extremity joint replacements suggests that the long-term success of any total arthroplasty system is a function of three primary factors: implant design parameters (geometry, material, kinetics, ROM in all 6 degrees of freedom), patient related parameters (weight, kinematics, age) and surgeon related factors such as surgical procedures. One expects that similar parameters would influence the long-term success of the cervical TDR. For instance, several designs of cervical artificial discs are proposed that utilize different materials, articulations and surgical placement procedures. Such variations in design may result in different contact forces, different ranges of motion and wear debris of the prosthesis itself. There is evidence in the literature that this may be the case for the cervical disc arthroplasty as well .
Thus, this conceptual paper presents the potential biomechanical challenges such as effects of implant design variations, surgical procedures and whiplash. The longterm consequences of TDR like bone remodeling, subsidence, facet joint loading, wear and in vivo kinematics are also included. For these reasons, the manuscript somewhat takes a leap into the future. The pertinent biomechanical studies, including from our group, are presented in the following paragraphs to illustrate the points. Due to the conceptual nature of the manuscript, authors' understanding of the research is presented without adequate literature support with the hope that it will encourage the readers to conduct additional investigations to support/refute the concepts.
Effects of implant related parameters

Disc design variations
Rousseau et al. [30] analyzed the behavior of functional spinal unit (FSU) with the variation of position of the center and the size of the radius of a cervical ball-andsocket design. The ROM was similar for all the cases with variations within 30% of the intact. The large radius of curvature was associated with the partial unloading of the facet joints.
Both the cadaver and finite element model data suggest that the basic shape of ball and socket (BT-Prestige Ò and BS-Prodisc Ò , Fig. 1a ) does not make that much of a difference in the kinematics of the implanted segment, Faizan [31] . These authors subsequently simulated other variations of ball and socket designs such as combinations of superior (S) and inferior (I) components with spherical (SPH) and oval (OVL) shaped ball designs respectively at the C5-C6 level in the C-spine FE model, Fig. 1b .
No major kinematic differences were observed among the disc designs tested. For both spherical and oval designs, the facet loads in extension were lower for the designs with an inferior ball component (67 vs. 91 N in extension, 48 vs. 43 N in left lateral bending and 32 vs. 31 N in right axial rotation), compared to intact facet loads. However, the stresses in the spinal structures, a parameter important for the long-term performance of the device, like its wear characteristics, differed with shape, Fig. 2 . The implant stresses were substantially higher in the spherical designs when compared to the oval designs. Overall, the oval design with an inferior ball component produced motion, facet loads, implant stresses and capsule ligament strains closest to the intact spine, which may be key to long-term implant survival.
Faizan et al. [32] simulated three distinct philosophies of designs in the finite element model, Fig. 1c . These were as follows:
BS design The design consisted of two metallic components (superior ball and inferior socket-BS) and placed such that the BS articulation was towards the posterior region of the disc space. Sandwich design (SND) The sandwich design possessed three components where the core polyethylene ball was sandwiched between the superior and inferior metallic components. The size of the ball component was larger in the sandwich design when compared to the BS design. Elastomer design with ALL replacement (ELST) The single piece type artificial disc design (Abbott Spine, Houston, TX) used an elastomeric cervical disc replacement implant. The disc implant replaced the intervertebral disc and the anterior longitudinal ligament (ALL). The flap substituting ALL was TwillWeave TM longitudinal. The load-displacement characteristics of the flap were very close to cervical ALL.
The sandwich design and the elastomeric design produced motions higher than intact (57 and 13% greater than intact, respectively), Fig. 3 . The total facet loads at the C4-C5 level during extension were similar for BS and elastomeric designs. The facet load for sandwich design was lower than intact. With the sandwich design, the large radius ball of the artificial disc imposed kinematics which resulted in the loading of the facets during flexion motion. Among the three disc designs, the facet loads with the elastomeric design were closer to the intact facet loads. Overall, the elastomeric disc reproduced intact segment behavior better than the other two designs.
Sagittal balance following TDR
In Johnson et al. [33] study patients who underwent two level Bryan cervical artificial discs showed no significant change in lordosis, but there was a 4.7°mean reduction in lordosis for those who underwent single level disc replacement. Kim et al. [34] found that only 36% of patients were able to maintain lordosis following Bryan artificial disc surgery. However, the overall sagittal alignment of the cervical spine was preserved in 86% of cases at the final follow up. Interestingly, preoperatively kyphotic FSU resulted in lordotic FSU in 13% of patients during the late follow up, and preoperatively kyphotic overall cervical alignment resulted in lordosis in 33% of the patients postoperatively. Kulkarni et al. [35, 36] performed a FE study to evaluate the effects of four artificial discs (Synergy 0 degree, S0; Synergy 6 degrees, S6; ball and socket disc, BS; ball and trough disc, BT) on sagittal balance in neutral posture (NP), Fig. 1a . Neutral posture (NP) loading, simulated as follower type preload, resulted in less than 1°of extension for intact, S0 and S6, extension around 3°for BS and flexion over 1°for BT.
Quality and quantity of motion after cervical TDR In the cervical region, the in vitro and in vivo motion studies [37] [38] [39] [40] , suggest that the range of motion differs with level, gender and subject (e.g., 9°at C2-C3 and 23°at C4-C5, [38] ). The motion also changes as a function of degeneration. Should the TDR be gender, level and subject specific? Should we restore the motion (quantity and quality) to a normal person or to the adjacent degenerated level motion of that patient? Coupling, an association of translation/rotation in one plane with the translation/rotation in the other plane, is another motion parameter of import [41] . The cervical spine exhibits a significant degree of coupled motion. Should TDR restore coupled motion behavior? To examine this aspect, Puttlitz et al. [42] conducted an in vitro study using ProDisc-C (Synthes Spine, West Chester, PA, USA). There were no significant differences in coupling between the intact and implanted conditions. However, a similar study undertaken by our group [35] revealed that the coupling following TDR simulations differed among different disc designs, compared to intact values, although these discs provided similar flexion-extension motions. Thus the coupling following TDR seems to be design-dependent.
The above analyses clearly suggest that kinematics of the involved segments do not change that much, especially when we do not know the desired optimal value with design variations, but the stress distributions and load sharing among various components are quite different. These variations may have long-term implications, as explained later.
Effects of surgical procedures
Hybrid constructs-fusion and discs Our group used the finite element model of C3-C7 cervical spine segment to study adjacent level effects of fusion (C4-C5) plus disc replacement (C5-C6), and bi-level disc replacement at C4-C5 and C5-C6 levels [43] . The bi-level fusion models required more than two times the moment of the intact model to produce intact motion. In contrast, the bi-level disc replacement model required moments lower than the intact model. Fusion plus the disc replacement model required moments 10-25% more than intact, except in extension. Overall, fusion plus the disc replacement model had less severe effects on adjacent levels when compared to bi-level fusion model. Bi-level disc replacement model did not have any biomechanically harmful effects on adjacent levels [44] . These computer model based predictions are in agreement with the clinical observations of Shin et al. [45] .
FE simulation and experimental study of uncinatectomies during TDR surgery
The uncinate processes may or may not be preserved during TDR surgery. Faizan et al. [46] simulated both scenarios using a BS type disc in a cervical spine finite element model. Unilateral and bilateral uncinatectomies increased the implant level motions by 90% following bilateral uncinatectomy, as compared to no uncinatectomy case, facet loads (maximum increase was in extension, 110 vs. 64 N) and the ligament strains by 100% following uncinatectomy in flexion and axial rotation. In a cadaver study, the uncinatectomies increased the sagittal plane ROM values of TDR significantly compared to the intact (8.4°± 3.5°), with the maximum increase in bilateral uncinatectomy (14.1°± 3.0°), followed by unilateral (13.3°± 2.6°) and unilateral partial (12.8°± 2.6°) uncinatectomy procedures, (Snyder et al. [47] ). Thus, it will be beneficial to preserve uncinate processes. 
FE simulation of disc placement in various orientations
The effect of placement orientation of the artificial disc was also studied by our group [36] . In the first configuration, the endplates at C5-C6 level were horizontal (H). Two other configurations of disc placements were created by giving a posterior downward tilt (PDT) and a posterior upward tilt of 6°(PUT) to the disc. Tilting the disc altered the motion, especially during lateral bending and axial rotation. The facet loading increased only in rotation in all three cases. The stresses were highest with the H configuration (*150 MPa), however, the stress values were much lower than the yield and fatigue strength of titanium (*300 MPa).
FE simulation of variations in bi-level disc placement locations
The FE model was modified to study the effect of variations in the disc placement by accommodating two ball and socket type discs (DMT, Inc, Boca Raton, FL, USA) at the C4-C5 and C5-C6 levels [48] . In the first model (case 1), both the disc implants were symmetrically simulated in the center of the respective disc spaces (Fig. 1d) . In the second model (case 2), the C4-C5 disc implant was shifted laterally towards the right by 2.5 mm from its symmetric position while the C5-C6 disc was symmetric. In the third model (case 3), the C5-C6 disc implant was also shifted laterally towards the left (opposite to the C4-C5 disc) from The extension increased with the artificial discs (case 1: 30%, case 2: 7%, case 3: 20% increase, as compared to intact) but the increases were lower than in bending and rotation. Similarly, flexion motion also increased following TDR with the increase being approximately *15%, as compared to intact. The percentage increase in motion was highest during lateral bending and axial rotation (*50% greater than intact); however, no major inter configuration differences were found in these loading modes.
The implant level total facet loads were larger than intact facet loads following TDR. During extension, the total facet loads at the C5-C6 level increased by 25% (Case 1), 40% (Case 2) and 45% (Case 3), as compared to intact. During lateral bending, the only major increase following TDR was found for Case 2 configuration (45% increase). The facet loads during axial rotation also increased with all three configurations (*50% for each configuration).
Specific surgical considerations must be given to cervical TDR in making the transition from one procedure to the other. An example is excision of PLL, which not only ensures that a complete decompression has been achieved but also ensures that the disc space is mobilized and facilitates parallel distraction, restoration of the intervertebral height, and mobility of the segment. Also, cervical TDR will not function as designed and allow restoration of motion without proper midline identification and placement of the device.
Cervical spine biomechanics following TDR and whiplash Demetropoulos et al.
[49] studied the biomechanics of the cervical artificial disc in cadavers during low speed rear end impacts. The tests indicated that immediate post implantation stability of the Prodisc Ò was sufficient to sustain low speed rear-end impact. However, with high speed whiplash, the remaining posterior structures may get ruptured. How will the implanted segment perform under these conditions?
Faizan et al.
[50] tested ligamentous C4-T1 spine specimens sequentially for the following cases: intact, artificial disc (Discover TM , DePuy Spine, Raynham, MA, USA) implanted at C5-C6 level-pre-injury case, the posterior ligaments (interspinous and facet capsule) transected at the C5-C6 level-post injury case, and finally a cervical posterior dynamic system (C-PDS) consisting of bilateral screws and a rubber band across the screws. (The load-displacement behavior for the rubber band was determined experimentally.) The effect of a whiplash type injury on a disc implanted cervical spine was also simulated using the previously described FE model. In the FE simulations, a ball and socket type disc implant (Prodisc Ò , Synthes Spine, West Chester, PA, USA) was used to simulate the TDR at the C5-C6 level (pre-injury model). The implanted model was modified to simulate the following additional cases:
• Transection of ligaments (ISL, SSL and facet capsules, unilateral and bilateral) progressively to study the effect of sacrificing various ligaments (post-injury model).
• A posterior dynamic stabilization (C-PDS) using screws and a cord.
The predicted FE motion data was similar to in vitro results. The C-PDS was able to restore the stability. Motions were lower than those in the pre-injury cases after stabilization. During extension, the maximum stress in the disc in the pre-injury, the post-injury, the rigid system stabilized and the C-PDS stabilized case were 30, 34, 12 and 28 MPa, respectively. Thus, one could make a case that like the lumbar disc arthroplasties, we may need a 360°d ynamic system for the cervical spine as well, to cover the whiplash effects.
Development of patient specific models
The development of in vivo patient specific models may bridge the gap between the in vitro biomechanical results and clinical observations. In addition to that, such data would provide an opportunity to evaluate the biomechanical effects on the spine post surgery. A number of groups have pursued studies along these lines in the lumbar region [51] [52] [53] [54] [55] [56] [57] [58] [59] . However, at present a comprehensive model is not available in the literature. Extending such investigations into the cervical spine region would definitely provide valuable data.
Long-term effects of cervical TDR
Biomechanical and clinical studies suggest a reduction in adjacent level effects after cervical TDR, compared with fusion [2] [3] [4] [60] [61] [62] . However, some of the long-term potential complications like subsidence, and wear debris related issues might arise.
Bone remodeling
Bone is a highly vascular connective tissue, and adapts itself to a variety of mechanical situations. Our group performed several studies by applying bone remodeling theory in conjunction with the finite element model based stress and strain predictions in the lumbar region [63, 64] . The studies showed that the external shape of a vertebra is optimal. The internal remodeling showed a heterogeneous distribution of Young's modulus in the cancellous region of the vertebral bodies, in agreement with experimental and clinical data. The density of the vertebral cortex approached that of a cortical bone, while the thickness of the anterior cortex exceeded that of the posterior shell and either endplate. Such studies need to be undertaken with implants in the model, like the cervical total disc replacement. Different disc designs have different geometries which could influence the loading environment at the boneimplant interface and the adaptive response of the bone.
Subsidence
Subsidence is a frequently reported problem with an occurrence rate of 3-10%, depending on the type of prosthesis used [65] . According to Bertagnoli et al. [66] the subsidence is most often due to inadequate pre-op assessment of bone quality. However, it may also be due to the improper disc design affecting the endplate preparation during surgery and load distribution. Lin et al. [67] performed a FE study in which they analyzed and compared segmental motion and bone-implant interface stresses at C5-C6 level for Bryan, Prestige LP, and ProDisc-C. Over all, the von Mises stresses on the C6 superior surface were higher in the models with Prestige LP and ProDisc-C discs, compared to the model with Bryan disc. They concluded that the lower stresses with Bryan disc were a result of its disc end plate, which has no fixators on it, and the polymeric nucleus. Anderson and Rouleau [65] reported that the structural integrity of the end plates should be assessed and the prostheses should have as large a footprint as possible to dissipate the load evenly rather than in concentrated areas. Hence, the artificial disc design and development must be done in such a way that the subsidence is minimized.
Facet joint loading
In order to protect the facet joints from abnormal stresses, cervical arthroplasty devices should have an axis of rotation that mimics the kinematics of the normal spine. They should also restore the physiologic range of motion, be able to restore disc height, and transmit axial loading forces from the superior vertebral body to the one inferior [68] . Chang et al. [69] found that following TDR, the facet loads increased at the index level in all the bending modes, with maximum in extension. Metzger et al. [70] in a cadaver study found that facet forces were sensitive to the device placement location. In contrast, a similar study conducted by Steiber et al. [71] using ovine spines demonstrated no significant increase in the facet loading following TDR. Data from Faizan et al. [30] suggests that adjacent level facet degeneration may not be a major concern following disc replacement, and under hybrid loading conditions TDR maintains total facet loads similar to the intact facet loads (with lower facet loads for the SPH-I and OVL-I designs). Long-term clinical follow ups of the disc implant recipients may provide insight into the issue.
Wear
Most of the cervical total disc replacements are of articulating type. These have potential for wear, and may further lead to the altered biomechanics and implant loosening over time. Experimental evaluation of wear is expensive, labor intensive and time consuming (3? months per test) . The protocols follow ASTM/ISO loading profiles. However, the clinical relevance of these profiles is being debated. In vitro studies are unable to address this issue, while finite element-FE wear models may.
One wear study developed a chain of simulations which included geometric modeling, implant motion, load estimation, contact stress, velocity and wear prediction using a linear wear model [72] . The simulation's wear volume (using the ISO test protocol inputs and the initial wear rate for the whole life), was 1.18 mm 3 per million cycles. A percentage weight loss of 1.9% was predicted. Likewise, Vicars et al. [73] demonstrated the agreement between an experimental and a computational simulation for the wear of a fixed bearing total disc replacement. Our group undertook a FE study to evaluate the hypothesis that the wear pattern differs in simulations of device alone and device in situ for a given loading profile [74] .
A predictive finite element wear model of the disc alone (Disc) was developed along the lines proposed in the literature and then was incorporated into a ligamentous C5-C6 finite element model (Disc ? FSU), Fig. 1e . Both of the models were subjected to a motion (rotations about the three axes) profile along with a varying preload of 50-150 N at 1 Hz as per ISO 18192. A subroutine based on Archard's law simulated the abrasive wear on the polymeric core up to 10 million cycles. The predicted wear patterns in the isolated disc and in FSU were completely different. The Disc ? FSU model showed localized wear in certain regions in comparison to uniformly distributed wear pattern of the Disc only model (Fig. 4a) . The cumulative volumetric wear for the Disc only model was three times that of the Disc ? FSU model (Fig. 4b) . The Disc ? FSU model revealed separation at the articulating interface during extension and lateral bending. The proposed model approach (Disc ? FSU) will enable the scientists to pursue effects of clinical and other parameters (like surgical variables, different loading profiles, different disc designs and bone quality) on wear of the artificial disc.
Finally, another beneficial approach to analyze interplay among parameters described above is the use of the probabilistic approach, as adapted for the lumbar spine biomechanics [75] . Such an approach may explore high risk combinations of different parameters and explain the differences between ''standard'' biomechanical studies and clinical studies.
In vivo kinematics-stereoradiogrammetric (SR) technique
Assessment of in vivo segmental spine motion has been, and continues to be, a difficult clinical problem. The most commonly used modality is routine lateral and anteroposterior radiographs. The inaccuracy of the measurement from radiographs and the inability to measure the out-ofplane motions are the two significant sources of error in these studies [76] [77] [78] .
Several studies have reported segmental motion of the cervical spine in both surgical and non-surgical groups [77] [78] [79] . Pearcy et al. [80] have used bi-planar radiographs, where subjects were filmed from two directions simultaneously, to determine three-dimensional motions based on the same ''identifiable'' anatomic landmarks in both views. A three-dimensional CT scans imaging technique using cadaver-cervical was developed by Lim et al. [81] . Cargill et al. [82] attempted motion analysis of MRI scans of spinal segments and Conrad et al. [83] attempted to analyze the segmental motion of the spine in vivo by modifying the fluoroscopy based motion analysis system. These studies have also documented a measurement error (1°-2°in rotation, 1-2 mm in translation) in the absence of reliable identifiable markers needed to reconstruct the motion segment [84, 85] .
Stereoradiogrammetric analysis (SRA) is an accurate 3D in vivo measurement technique for motion measurement [86, 87] However, in this case the tantalum beads are placed in each of the vertebra of the segment of interest at surgery to track vertebra displacements. This makes the technique a bit less practical to use by a surgeon. Using this technique, Ordway et al. [88] conducted a clinical trial with 12 patients to examine the kinematics following ProDisc-L. Kinematic analysis of the intervertebral motions was accomplished using SRA postoperatively at 1.5, 3, 6, and 12 months. They found that the sagittal ROM following total disc replacement averaged 2.5°at 1.5 months, 5.6°at 3 months, 6.6°at 6 months, and 6.3°at 12 months. Coupled motions observed in lateral bending and translational motions did not correspond to pathologic motion in this group of patients. Robertson et al. [89] , Rabin et al. [90] , Yang et al. [91] and Pickett et al. [92] investigated the in vivo cervical spine kinematics postoperatively in patients with Prestige-1 at 4 years, Bryan at 1 year, Bryan at 5.2 months and Bryan at 1 year, respectively. They concluded that the ROM was maintained in Prestige-1, a mean of 8.4°, 7.8°and 4.8°sagittal motion was observed at their respective follow up periods. The kinematic data from the following clinical studies indicate the segmental motion preservation after TDR.
The above studies highlight the advantages of SRA in the evaluation of spine ROM. Thus, by far: it is the only method capable of adequately measuring 3D ROM of the spine. Such studies along with the patient specific models eluded to earlier may provide us with an in-depth understanding of the issues pertaining to the design and development of an optimal artificial disc.
Discussion
Disc implants abut against the two endplates. The endplate preparation may vary from patient to patient. The orientation of a disc implant with respect to these prepared endplates can potentially affect the post-op biomechanics. Likewise, the use of TDR as an adjunct to fusion is recommended to address the iatrogenic adjacent segment effects of the fusion surgery alone. Several studies, both in the lumbar and cervical regions, do provide evidence that the parameters under the control of a surgeon can alter the spinal biomechanics. These biomechanical effects of the surgical procedure, if any, are important to understand. For example, the importance of intact ligaments in providing stability following TDR needs investigation. How does the resection of important structures such as uncinate processes affect the biomechanics of the spine? In addition to this, lumbar arthroplasty studies indicate that the variations in the placement of the disc may influence the long-term success of the implant [93] . Long term effects such as bone remodeling, subsidence, facet joint loading, wear and in vivo measurements are crucial parameters to be considered in TDR procedure. The comparative studies on the wear of the cervical TDR have the potential to help in understanding the appropriate simulation parameters to match clinical wear rates. The above mentioned protocols on wear also lay emphasis on the implant retrieval analyses, whose access would provide with the appropriateness of the current state of wear standards. All these experimental and computational studies have proved that wear is a major factor that needs to be addressed and the design of wear resistant cervical disc implants are highly recommended. Are newer implant materials like nano (10 -9 ) particle based coating of Ti alloys being pursued? Probabilistic studies as performed already at the lumbar spine may explore high risk combinations of different parameters and explain the differences between ''standard'' biomechanical studies and clinical studies [75] .
Correlation of the kinematics evaluated from the clinical studies of total disc replacements and the biomechanical literature is somewhat inconsistent, as described earlier.
Part of the reason could be the parameters, enumerated above, that alter the spine biomechanics following TDR. The lack of muscles in the in vitro experimental and finite element studies may be another contributing factor.
A large number of TDR concepts, and an equally large number of other parameters that influence their biomechanical characteristics make it impractical to understand the interplay among various factors. For example, there is a large scatter in the cadaver based kinematics, due to the quality of the specimens, lack of muscles, and variation in the test parameters. Consequently, cadaver data suggests that most of the disc designs restore motion at the involved and adjacent levels to the intact data. However, finite element studies do show variations in motion. Several parameters like center of rotation, range of motion (elastic zone, EZ ? Neutral zone, NZ), stiffness, and hysteresis are used to assess the quality and the quantity of motion in a spinal segment. Compared to metal on metal and metal on polymer disc designs, elastomeric disc concepts better reproduce intact segment behavior. More importantly, these predictions reveal that the load sharing among structures, including TDR devices, and stresses in the disc components are functions of designs, surgical procedures and other variables. Since coupling phenomena in the cervical region is quite significant, the need for disc designs that mimic coupling behavior (axial rotation and lateral bending) may be important. Overall, fusion plus disc replacement model had less severe effects on adjacent levels when compared to bi-level fusion model. These have long-term consequences in terms of subsidence, and wear of the articulating surfaces, for example. Also, the clinical implications of the disc arthroplasty induced increase in the facet loads indicate a need for more in vivo studies. Since the subjects with cervical TDR may experience whiplash injuries at the operated level, biomechanical studies suggest that, like the lumbar disc arthroplasties, we may need a 360°motion preservation system for cervical spine as well. Discord between the biomechanical data and clinical observations may be resolved by blending muscle forces with appropriate ligamentous finite element models. In vivo kinematics evaluations using techniques like the SRA will help in predicting the long-term effects of TDR on the spine.
In summary, there is disconnect between the clinical outcomes following TDR and the biomechanical studies, unlike the clinical outcomes for fusion and corresponding biomechanical understanding. A number of biomechanical parameters may contribute to this disagreement, besides the biology. We have presented the following issues: effects of implant design variations, surgical procedures, whiplash, the long-term consequences of TDR like bone remodeling, subsidence, facet joint loading, wear and in vivo kinematics. It is our hope that this conceptual paper will encourage the readers for additional investigations to support/refute the concepts.
